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1Department of Chemical Engineering,
University of Massachusetts, Amherst,
MassachusettsThe circadian clock generates 24-h
rhythms that provide robust regulation
of a variety of physiological and
behavioral processes in a diverse
range of organisms, including the fun-
gus Neurospora, the plant Arabidopsis,
the fly Drosophila, and mammals.
While each organism has evolved
unique molecular machinery to
generate these rhythms, most circadian
clocks are composed of interconnected
transcriptional and translational feed-
back loops. The clock must generate
robust 24-h rhythms, entrain its
rhythms to the prevailing light-dark
cycle, and adapt to various other envi-
ronmental perturbations. Mathematical
modeling has emerged as a powerful
tool for unraveling the complexity
of the molecular feedback loops that
drive circadian rhythms (1). However,
the real power of this approach
is revealed when circadian systems
modeling is tightly integrated with mo-
lecular biological experiments specif-
ically designed to generate data for
model development and validation (2).
Neurospora crassa is a widely stud-
ied model system for understanding
the molecular basis of circadian rhyth-
micity (3). The main negative feedback
loop is initiated by two proteins, WC-1
and WC-2, forming the WCC com-
plex, which activates the transcription
of the frq gene (Fig. 1 A). This gene
is translated into the FRQ protein,http://dx.doi.org/10.1016/j.bpj.2015.02.025
Submitted January 26, 2015, and accepted for
publication February 18, 2015.
*Correspondence: henson@ecs.umass.edu
Editor: James Keener.
 2015 by the Biophysical Society
0006-3495/15/04/1580/3 $2.00which binds to other molecules to
form a complex that is transported
from the cytoplasm into the nucleus.
This nuclear complex inactivates
WCC and therefore inhibits frq tran-
scription to achieve negative feedback.
The FRQ protein also enhances WC-1
accumulation and therefore increases
WCC through a positive feedback
mechanism. A recent study (4) has re-
vealed a new transcriptional regulator
CSP-1 under WCC control that re-
presses the gene wc-1 in a glucose-
dependent fashion, forming another
negative feedback loop. Experiments
have suggested that this feedback
loop is critical for maintaining the
circadian period as approximately con-
stant over a range of glucose concen-
trations (4). However, the complexity
of the interconnected feedback loops
precludes complete understanding of
this glucose compensation mechanism
through purely experimental means.
A new study by Dovzhenok et al. (5)
published in this issue of the Bio-
physical Journal examines glucose
compensation in the Neurospora circa-
dian clock through an exemplary com-
bination of wet lab and computational
experiments. In many ways, the study
is a continuation of the exciting exper-
imental work published by Sancar
et al. (4), who hypothesized that
glucose compensation is achieved by
a careful balancing of wc-1 and csp-1
expression. The molecular model of
Dovzhenok and coworkers was devel-
oped by incorporating the WCC/CSP-
1/wc-1 negative feedback loop into an
existing model that accounts for the
other two loops (6). To validate the
model predictions, wet lab experi-
ments were performed with a wild-
type strain and a wc-1 overexpression
mutant, both containing a wc-1 lucif-
erase reporter to monitor the behavior
of the putative glucose compensation
loop in real time.
So why is studying glucose compen-
sation in a fungal circadian clock
important? Beyond the obvious answer
that the research will enhance our
fundamental understanding of circa-dian control systems, insights gained
in simpler, more experimentally trac-
table organisms such as Neurospora
could have wide-ranging implications
for other organisms because the basic
molecular architecture of the core
clock is largely preserved across
species including humans (Fig. 1 B).
Furthermore, basic metabolic pro-
cesses such as glucose metabolism
are known to be under circadian
control (7). Therefore, disruption of
glucose compensation in the human
circadian clock could be related to
crippling metabolic diseases such as
obesity and type-2 diabetes (8).
Before exploring glucose compensa-
tion, the authors demonstrate that their
model can reproduce the circadian
phenotypes of wild-type and mutant
Neurospora cells. The agreement be-
tween experiment and simulation is
quite impressive. The model correctly
predicts that frq overexpression will
have a minimal effect on the circadian
period until oscillations are completely
abolished at high expressions levels.
The model also predicts observed
period shortening for increasing wc-1
expression in wild-type cells and
in mutant cells without wc-1 genetic
background. Finally, period length-
ening that has been observed with
increasing csp-1 expression was repro-
duced by the model. These results are
important because they demonstrate
that the model is qualitatively correct
at constant glucose levels.
Next, the authors simulate a csp-1
knockout strain that has been shown
experimentally to have compro-
mised glucose compensation (4). The
knockout is simulated by setting the
rate constant for csp-1 expression to
zero. Increased glucose levels are
simulated by increasing the rate con-
stant of wc-1 expression, consistent
with experiments that show a strong
positive correlation between the
glucose concentration and WC-1
protein abundances (4). The model
FIGURE 1 Network architectures of the core circadian clocks in (A) Neurospora and (B) mammals.
(Solid lines) Transcription, translation, and complex formation; (dashed lines) regulatory effects.
Simplified networks are shown to focus on the key similarities and differences between the two archi-
tectures. (Shaded boxes) The putative negative feedback loops involved in glucose compensation. (C)
Integration of the core clock with glucose metabolism can be viewed as a larger feedback loop that
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that accompanies increased glucose
levels until a minimum period of
~20 h is obtained at high wc-1 expres-
sion levels.
Then the authors perform bifurcation
analysis with the wc-1 and csp-1
expression rates, and this is where the
article becomes really interesting. By
performing two-parameter analysis,
a wide range of mutants (csp-1
knockouts, underexpressions, and over-
expressions) can be analyzed simulta-
neously with regard to their ability to
maintain a constant period over a range
of glucose levels (varying wc-1 expres-
sion rates). The results are rather
remarkable. The fixed period curve at
22.4 h has a nearly constant, positive
slope, demonstrating that proportional
increases in both wc-1 and csp-1
expression induced by increased
glucose levels will produce a constant
period. Because 22.4 h is the period of
thewild-type strain, this result provides
strong theoretical evidence supporting
the hypothesis that glucose compensa-
tion in Neurospora is achieved by a
careful balancing of wc-1 and csp-1
expression.
By contrast, the fixed period curve
for simulated wc-1 overexpression
has a negative slope around a period
of 20 h due to a lack of wc-1 and
csp-1 balance, suggesting a loss of
glucose compensation. To test this
model prediction, the authors con-
structed a wc-1 overexpression mutant.
In an impressive demonstration of
model-based experimental design, the
wc-1 overexpression mutant is shown
to produce increased WC-1 protein
abundances compared to the wild-
type strain. As predicted, the mutant
suffers from a significant decrease in
period as a function of increased
glucose levels and therefore the loss
of glucose compensation.
The authors perform stochastic
simulations to determine whether the
WCC/CSP-1/wc-1 negative feedbackparticipates in glucose homeostasis in mammals,
and the dysfunction of which might play a role in
metabolic diseases such as obesity and diabetes.
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molecular noise in addition to its role
in glucose compensation. Removal of
the feedback loop is simulated by
setting the csp-1 expression rate to
zero. Somewhat surprisingly, presence
of the feedback loop is predicted to
slightly decrease noise compensation
and produce wider period variability.
Experiments with a csp-1 knockout
mutant are again consistent with model
predictions, showing that robust pe-
riods are not dependent on this feed-
back loop. Collectively, these results
suggest that glucose compensation
might be achieved at the expense of
precise timekeeping, demonstrating
the inherent tradeoff between system
performance and flexibility.
The authors close the article with a
fascinating conjecture about glucose
compensation in the mammalian circa-
dian clock. Due to the similarity of
the molecular clock architectures in
Neurospora (Fig. 1 A) and mammals
(Fig. 1 B), the authors hypothesize
that glucose compensation will beBiophysical Journal 108(7) 1580–1582compromised in Clk and Bmal1 over-
expression mice with Clk playing the
role of wc-2 and Bmal1 playing the
role of wc-1. Verification of this hy-
pothesis would yield new knowledge
about the human circadian clock and
possibly provide novel insights into
the effects of disrupted glucose
compensation on metabolic diseases
such as obesity and type-2 diabetes
(Fig. 1 C). As a parallel to the highly
successful approach adopted in this
article, molecular models of the
mammalian clock (1,9) could be used
to theoretically analyze the effect of
putative REV-ERB-mediated glucose
compensation on clock behavior.ACKNOWLEDGMENTS
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